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(57) Abstract: An antenna section (7) comprises a metallic 
radial waveguide (7a) and a slot antenna (7b) being connected 
to the lower end of a waveguide (19). A top plate (5) is ar- 
ranged al the upper part of a chamber (1). An air layer (20) 
is formed between the antenna section (7) and the top plate 
(5). One half of the difference between the inside diameter 
B of a region where the top plate (5) and the antenna section 
(7) are located and the inside diameter A of the radial wave- 
guide (7a) is set equal to a natural number times or 0 times of 
one half of the wavelength A g of a microwave based on the 
combined permittivity of the permittivity of the atmosphere 
(air layer (20)) in the region where the top plate (5) and the 
antenna section (7) are located and that of the top plate (5). 
Furthermore, the inside diameter C of the chamber (1) is set 
equal to or shorter than the inside diameter A of the radial 
waveguide (7a). With such an arrangement, plasma density 
can be made uniform by controlling an electromagnetic field 
for forming a plasma generating region (17). 
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DESCRIPTION 



Plasma Processing Apparatus 



Technical Field 

The present invention relates to a plasma processing apparatus, and particularly 
to a plasma processing apparatus effecting predetermined processing on a substrate by 
using a plasma production region, which is formed by supplying microwaves into a 
chamber. 



Background Art 

In recent years, semiconductor devices having higher packaging densities and 
smaller sizes have been developed. For such structures, plasma processing apparatuses 
effecting processing such as film deposition, etching and ashing are used. In particular, 

15 a microwave plasma processing apparatus, which uses microwaves for producing plasma, 
can stably produces plasma under a relatively low pressure of about 0. 1 to 10 Pa, i.e., 
under high vacuum conditions. Therefore, attention has been given to a microwave 
plasma processing apparatus using a microwave of a frequency, e.g., of 2.45 GHz. 
An example of the conventional plasma processing apparatus will now be 

20 described. Referring to Fig. 6, a plasma processing apparatus has a chamber 101, in 
which a predetermined process is performed on a substrate introduced therein, a high- 
frequency power supply 109 for producing a microwave, a waveguide pipe 1 19 for 
leading the microwave to the plasma processing apparatus, and an antenna portion 107 
for radiating the microwave inLo chamber 101. 

25 Antenna portion 107 includes a radial waveguide 107a, which is made of metal 

and is connected to a lower end of waveguide pipe 119, and a disk-like slot antenna 
107b covering an opening at a lower end of radial waveguide 107a. . A bump 108 is 
arranged at a position opposed to waveguide pipe 1 19 above slot antenna 107b for 
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adjusting an impedance. An atmosphere is present within waveguide 107a. 

Slot antenna 107b is formed of, e.g., a copper plate having a thickness from 0. 1 
to several millimeters. Slot antenna 107b is provided with a plurality of slots or 
openings for radiating the microwave into chamber 101. 
5 . A top plate 105 forming a part of a wall of chamber 1 01 is arranged in an upper 

portion of chamber 101. Top plate 105 is formed of a dielectric material such as quartz. 
A sealing member 1 1 3 such as an O-ring is arranged between top plate 105 and the wall 
of chamber 101. Antenna portion 107 is arranged above top plate 105 with a space 
therebetween, and an air layer 120 is formed between antenna portion 107 and top plate 
10 105. 

In chamber 101, a susceptor 103 is arranged for holding substrate 115. 
Susceptor 103 is connected to a high-frequency power supply 1 1 1 for bias. A vacuum 
pump (not shown) is connected to chamber 101 for discharging a gas from chamber 101. 

According to the above plasma device, the vacuum pump discharges a gas from 
15 chamber 101, and a gas such as an argon gas is supplied into chamber 101 for producing 
plasma under a pressure in a predetermined range. 

A microwave in a TE1 1 mode produced by high-frequency power supply 109 is 
rotated by a circular polarization converter (not sho wn) around an axis of waveguide 
pipe 119, and is transmitted through waveguide pipe 1 19 to radial waveguide 107a of 
20 antenna portion 107. 

The microwave transmitted to radial waveguide 1 07a propagates in a peripheral 
direction of radial waveguide 107a. The microwave propagating in the peripheral 
direction generates an electromagnetic field in chamber 101 via slot antenna 107b. 

The electromagnetic field generated in chamber 101 dissociates an argon gas so 
25 that a plasma production region is formed between substrate 1 15 and top plate 105 7 and 
predetermined plasma processing is performed. 

However, the conventional plasma processing apparatus suffers from the 
following problems. First, an inner peripheral surface of radial waveguide 107a reflects 

-2- 
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the microwave, which reached radial waveguide 107a and propagates in the peripheral 
direction of radial waveguide 107a, so that a first standing wave is formed in radial 
waveguide 107a. 

The microwave radiated from slot antenna 107b is coupled to the microwave, 
5 which is reflected and returned by the plasma production region formed in chamber 101, 
so that a second standing wave is formed in a region, which contains top plate 105 and 
air layer 120, 

The plasma production region within chamber 101 is maintained by the mutual 
coupling of the first and second standing waves described above. If the mutual 
10 coupling of the first and second standing waves is relatively weak, there is a tendency 
that the second standing wave predominantly contributes to maintenance of the plasma 
production region. 

This second standing wave is liable to vary depending on process conditions 
such as a pressure in chamber 101, a kind of gas supplied into chamber 101 and an 

15 amount of supplied electric power. 

As shown in Fig. 6, however, the first standing wave is formed depending on an 
inner diameter PA of radial waveguide 107a and the mode of the supplied microwave. 
The second standing wave is formed depending on an inner diameter PB of the region, 
which contains top plate 105 and air layer 120, and a state of the plasma. 

20 The formation of the second standing wave is also affected by the microwave 

reflected and returned by the plasma production region, and therefore is significantly 
affected by the size of the plasma production region. An inner diameter PC of chamber 
101 restricts the size of the plasma production region. Therefore, the formation of the 
second standing wave is also depends on inner diameter PC of chamber 101, 

25 In the conventional plasma processing apparatus, however, inner diameter PA of 

radial waveguide 107a, inner diameter PB of the region containing top plate 105 and air 
layer 120, and inner diameter PC of chamber 101 are arbitrarily determined. Therefore, 
depending on values of diameters PA, PB and PC, the second standing wave 

- 3 - 
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predominantly contributes to the maintenance of the plasma production region. 

As described above, the second standing wave is liable to vary depending on the 
process conditions such as a pressure in chamber 101. Therefore, it is difficult to 
control the electromagnetic field, which forms the plasma production region, if such 
5 unstable second standing wave predominantly contributes to the maintenance of the 
plasma production region. 

If it is difficult to control the electromagnetic field, this results in variations in 
plasma density within chamber 101. This causes variations in degree or extent of the 
plasma processing at the substrate surface, and thus causes a problem that variations 
10 occur, e.g., in etching rate and film deposition rate. 

-v,:; Disclosure of the Invention 

The invention has been developed for overcoming the above problems, and it is 
- : ; an object of the invention to provide a plasma processing apparatus, which controls an 

15 electromagnetic field forming a plasma production region, and thereby forms the plasma 
production region having a uniform plasma density. 

According to the invention, a plasma processing apparatus for effecting 
predetermined processing on a substrate by exposing the substrate to a plasma 
production region includes a chamber, a top plate portion and an antenna portion. A 

20 substrate is introduced into the chamber. The top plate portion is arranged above the 
substrate introduced in the chamber, and forms a part of a wall of the chamber. The 
antenna portion supplies a high-frequency electromagnetic field into the chamber to 
form the plasma production region in a region between the top plate portion and the 
substrate located in the chamber. The antenna portion includes a radial waveguide 

25 having a predetermined inner diameter. The chamber has a predetermined inner 
diameter in a portion containing the top plate portion and the antenna portion. 
Assuming that the radial waveguide has the inner diameter of A, the portion containing 
the top plate portion and the antenna portion has the inner diameter of B, and the high- 
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frequency electromagnetic field has a wave length of X u based on a composite dielectric 
constant resulting from a dielectric constant of the top plate portion and a dielectric 
constant of a space of the portion containing the top plate portion and the antenna 
portion, the following formula is satisfied: 
5 (B - A)/2 = (V2>N 

where N is zero or a natural number. It is understood that the relationship of the above 
formula is satisfied even when a size error of about Xg/10 occurs. 

According to the above structure, each inner diameter is determined to satisfy 
substantially the above relationship Therefore, a first standing wave formed in the 

10 radial waveguide and a second standing wave formed in the portion containing the top 
plate portion and the antenna portion have the phases matching with each other, and the 
mutual coupling of the first and second standing waves becomes stronger than that in a 
conventional plasma processing apparatus. Thereby, the first standing wave 
predominantly contributes to the formation and maintenance of the plasma production 

15 region. Consequently, the antenna portion can control the formation and maintenance 
of the plasma production region so that variations in plasma density can be reduced, 

A portion of the chamber opposed to the region for producing the plasma has a 
predetermined inner diameter, which is equal to C, and this predetermined diameter C is 
preferably set to satisfy a relationship of (C < A). It is likewise understood that this 

20 relationship is satisfied even when a size error of about X^/10 occurs. 

The above structure is preferable for the following reason. If inner diameter C 
is larger than inner diameter A, the plasma production region formed in the chamber 
becomes excessively large, and the value of the composite dielectric constant, which 
results from the dielectric constants of the top plate portion and the space, changes in 

25 accordance with the state of the plasma due to such plasma production region so that 
the foregoing relationship cannot be satisfied, and the strong coupling between the first 
and second standing waves cannot be achieved. 

It is preferable that the top plate portion located in the region containing the 

-5 - 
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second standing wave specifically includes a dielectric material such as quartz. 

Brief Description of the Drawings 

Fig. 1 is a cross section of a plasma processing apparatus according to an 
5 embodiment of the invention. 

Fig, 2 illustrates an operation of the plasma processing apparatus of the 
embodiment, and particularly shows rotation of a microwave. 

Fig. 3 illustrates an operation of the plasma processing apparatus of the 
embodiment, and particularly shows states of standing waves. 
10 Fig. 4 illustrates an operation of the plasma processing apparatus of the 

embodiment, and particularly shows the standing wave rotating in a radial waveguide. 

Fig. 5 is a cross section of a plasma processing apparatus according to a 
modification of the embodiment. 

Fig. 6 is a cross section of a conventional plasma processing apparatus. 

15 

Best Modes for Carrying Out the Invention 

A plasma processing apparatus according to an embodiment of the invention will 
now be described. As shown in Fig. 1, a plasma processing apparatus includes a 
chamber in which a predetermined process is performed on a substrate 15 introduced 
20 therein, a high-frequency power supply 9 for producing a microwave, a waveguide pipe 
19 leading the microwave to the plasma processing apparatus, and an antenna portion 7 
for radiating the microwave into chamber I. 

Antenna portion 7 includes a radial waveguide 7a, which is made of metal and is 
connected to a lower end of waveguide pipe 19, and a disk-like slot antenna 7b covering 
25 an opening at a lower end of radial waveguide 7a. A bump 8 for adjusting an 

impedance is arranged above slot antenna 7b, and is opposed to waveguide pipe 19. 
An atmosphere is present within waveguide 7a. 

Slot antenna 7b is formed of a copper plate or the like having a thickness, e.g., 

- 6 - 
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from 0. 1 to several millimeters. Slot antenna 7b is provided with a plurality of slots 
(openings) for radiating the microwave into chamber 1. 

A top plate 5 forming a part of a wall of chamber 1 is arranged above chamber 1. 
Top plate 5 is made of quartz or the like. A sealing member 1 3 such as an O-ring is 
5 arranged between top plate 5 and the wall of chamber 1. Antenna portion 7 is located 
above top plate 5 with a space therebetween, and an air layer 20 is formed between 
antenna portion 7 and top plate 5. 

A susceptor 3 holding substrate 15 is arranged in chamber 1. Susceptor 3 is 
connected to a high-frequency power supply 1 1 for bias. A vacuum pump (not shown) 
10 for discharging a gas from chamber 1 is connected to chamber 1 . 

In this plasma processing apparatus, half a difference between an inner diameter 
B of a region, in which top plate 5 and antenna portion 7 are present, and an inner 
diameter A of radial waveguide 7a is equal to a product of half a wave length X g of the 
microwave, which is based on a composite dielectric constant resulting from a dielectric 
15 constant of top plate and a dielectric constant of the atmosphere (air layer 20) in the 
region containing top plate 5 and antenna portion 7, and zero or a natural number. 
Thus, the size relationship can be represented by the following formula; 
(B - A)/2 - (V 2 >N (N: zero or natural number) 

Further, an inner diameter C of chamber 1 is shorter than inner diameter A of 
20 radial waveguide 7a, or is equal to inner diameter A as will be described later. In the 

case where N is equal to zero, inner diameter A is substantially equal to inner diameter B. 
It is understood that the size relationship of the above formula is satisfied even when a 
size error of about V 10 occurs. 

An operation of the plasma processing apparatus described above will now be 
25 described. First, the vacuum pump discharges a gas from chamber 1, and a gas such as 
argon gas for producing plasma under a pressure of a predetermined range is supplied 
into chamber 1 , 

High-frequency power supply 9 produces the microwave of circular polarization 

- 7- 
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in a TE1 1 mode. As shown in Fig. 2, the microwave in the TE1 1 mode is rotated 
around the axis of waveguide pipe 19 by a circular polarization converter (not shown) 
arranged in waveguide pipe 19, and thereby is transmitted as a microwave 21, which is 
rotating in a direction of an arrow Y, through waveguide pipe 19 to radial waveguide 7a. 
5 The microwave transmitted to radial waveguide 7a propagates in a peripheral 

direction of radial waveguide 7a. The microwave propagating in the peripheral 
direction generates an electromagnetic field in chamber 1 through slot antenna 7b. 

The electromagnetic field produced in chamber 1 ionizes the argon gas to form a 
plasma production region between substrate 15 and top plate 5 so that a process gas is 
10 dissociated, and predetermined plasma processing is effected on substrate 15. 

In this processing, as shown in Fig. 3, the microwave propagating in the 
peripheral direction of radial waveguide 7a is reflected by the inner peripheral surface of 
radial waveguide 7a so that a first standing wave Si is formed in radial waveguide 7a. 

The microwave radiated from slot antenna 7b is reflected by a plasma production 
15 region 1 7 formed in chamber 1 by the radiated microwave, and the mutual combination 
of these microwaves, i.e., the radiated microwave and the reflected microwave form a 
second standing wave S2 in the region containing top plate 5 and antenna portion 7. 

In this plasma processing apparatus, since inner diameters A and B as well as the 
wave length of the microwave satisfy the relationship of the foregoing formula, a 
20 standing wave of a wave length, which is substantially N (N: natural number) or zero 
times larger than the wavelength of is formed from second standing wave S2 in a 
portion L, which corresponds to a length equal to half a difference between inner 
diameter A and inner diameter B of the region containing top plate 5 and antenna 
portion 7. For the sake of simplicity, N in Fig. 3 is equal to one so that a standing 
25 wave of a wave length of Ag/2 is formed. 

Further, inner diameter C of chamber 1 is substantially equal to or shorter than 
inner diameter A of radial waveguide 7a. Therefore, it can be considered that plasma 
production region 17 formed and maintained in chamber 1 hardly affects the value of the 

-8- 
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composite dielectric constant resulting from the dielectric constant of the atmosphere in 
the region, which contains top plate 5 and air layer 20, and the dielectric constant of top 
plate 5. 

Thereby, as shown in Fig. 3, a node of second standing wave S2 is present at a 
5 position P] spaced from a center of the region containing top plate 5 and air layer 20 by 
a distance of A/2, and the node is also present at a position P2 spaced from the center by 
a distance of B/2. 

A node of first standing wave Si is present at a position P3 spaced by a distance 
of A/2 from the center of radial waveguide 7a. 
1° Thereby, the phases of standing waves Si and S2 do not deviate from each other, 

and thus match with each other. Consequently, standing waves S 1 and S2 are mutually 
. coupled more strongly than those in a conventional plasma processing apparatus. 
Since standing waves Si and S2 are mutually coupled strongly, standing wave S 1 
predominantly contributes to formation and maintenance of plasma production region 17 
15 in chamber 1. 

'*t " The microwave in the TEl 1 mode is rotated around the axis of waveguide pipe 

19, and is transmitted as microwave 21 through waveguide pipe 19 to radial waveguide 
7a. Therefore, as shown in Fig. 4, standing wave S 1 in radial waveguide 7a rotates in 
the direction of arrow Y. Thereby, the node and antinode of standing wave S 1 are 

20 concentric to each other in radial waveguide 7a. 

Since the node and antinode of standing wave SI, which is a predominant factor 
in formation and maintenance of plasma production region 1 7, are concentric to each 
other, plasma production region 17 having a substantially concentric plasma density 
distribution is formed and maintained in chamber 1. 

25 Thus, standing wave SI formed in radial waveguide 7a of antenna portion 7 

predominantly contributes to the formation and maintenance of plasma production 
region 17 as described above so that antenna portion 7 can control the electromagnetic 
field, which forms and maintains plasma production region 17. 

-9- 
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Thereby, variations in plasma density distribution in plasma production region 17 
can be reduced in contrast to a conventional plasma processing apparatus, in which 
unstable standing wave S2 governs the plasma production region. 

Consequently, variations in degree or extent of the plasma processing on the 
5 surface of substrate 15 are reduced, and it is possible to improve the uniformity in 
etching rate, growth rate and others on the surface of substrate 15. 

The plasma processing apparatus has been described in connection with the 
example, in which inner diameter C of chamber 1 is shorter than inner diameter A of 
radial waveguide 7a. However, the plasma processing apparatus may have inner 
10 diameters C and A, which are substantially equal to each other as shown in Fig. 5. 

In the plasma processing apparatus shown in Fig. 5, it is considered that plasma 
production region 17 formed and maintained in chamber 1 hardly changes the value of 
the composite dielectric constant in the region containing top plate 5 and antenna 
portion 7. Therefore, standing wave Si (antenna portion 7) can control plasma 
15 production region 17. 

If inner diameter C of chamber 1 is longer than inner diameter A of radial 
waveguide 7a, plasma production region 17 formed and maintained in chamber 1 
increases in size, e.g., as shown in Fig. 6, 

In this case, it can be considered that the value of the composite dielectric 
20 constant in the region containing top plate 5 and antenna portion 7 changes depending 
on the state of plasma in the plasma production region. Since the value of the 
composite dielectric constant changes, the value of wavelength X g changes, and cannot 
satisfy the relationship of the foregoing formula so that the mutual coupling between 
standing waves Si and S2 cannot be strong. Consequently, it becomes difficult to 
25 control the formation and maintenance of plasma production region 17 by standing wave 
SI (antenna portion). 

According to the plasma processing apparatus of the invention, therefore, the 
relationship of the foregoing formula is satisfied, and chamber 1 has inner diameter C 

- 10- 
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substantially equal to or shorter than inner diameter A of radial waveguide 7a. Thereby, 
antenna portion 17 can control plasma production region 17 so that variations in plasma 
density are reduced, and uniformity in plasma processing on the surface of substrate 15 
can be improved. 

5 Although the present invention has been described and illustrated in detail, it is 

clearly understood that the same is by way of illustration and example only and is not to 
be taken by way of limitation, the spirit and scope of the present invention being limited 
only by the terms of the appended claims. 

10 Industrial Applicability 

The invention is effectively applied to the plasma processing apparatus, in which 
the plasma production region formed by supplying the microwave into the chamber 
effects the predetermined plasma processing such as etching or film deposition on the 
substrate, and particularly to the structure, in which the electromagnetic field forming 

15 the plasma production region is controlled to improve the uniformity in plasma density. 
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